Early interpretations of the variability of the narrow 0.511 MeV annihilation line from the Galactic center (GC) were confused by the unrecognized presence of a very extended component (mid 70s | mid 80s). Transient behavior was suggested by comparisons of measurements made by instruments with comparable elds of view, and by detection of other lines which could be interpreted as broadened and Doppler-shifted versions of the line. A new generation of instruments (late 80s | early 90s) provided more compelling evidence, by improved imaging capability (identying a known transient high-energy candidate source, 1E 1740.7{2942), and by improved sensitivity. Additional broadened, shifted, and Compton{scattered derivatives of the annihilation line were detected from this and other sources. At the same time, theoretical developments suggested exciting new physics which might arise in the accretion regimes around black holes, of which these features would be important diagnostics.
Early interpretations of the variability of the narrow 0.511 MeV annihilation line from the Galactic center (GC) were confused by the unrecognized presence of a very extended component (mid 70s | mid 80s). Transient behavior was suggested by comparisons of measurements made by instruments with comparable elds of view, and by detection of other lines which could be interpreted as broadened and Doppler-shifted versions of the line. A new generation of instruments (late 80s | early 90s) provided more compelling evidence, by improved imaging capability (identying a known transient high-energy candidate source, 1E 1740.7{2942), and by improved sensitivity. Additional broadened, shifted, and Compton{scattered derivatives of the annihilation line were detected from this and other sources. At the same time, theoretical developments suggested exciting new physics which might arise in the accretion regimes around black holes, of which these features would be important diagnostics.
In the GRO era the existence of such transient lines has been brought into question by the failure of long-term monitoring to detect them. A seemingly critical observation of the GC by three di erent instruments simultaneously, in which transient emission was detected only by one, provides the strongest evidence that the earlier results were in error. Recent developments in accretion disk theory have weakened the theoretical case for the lines. I draw conclusions concerning the nature of scienti c inquiry and public outreach e orts in science.
I INTRODUCTION: EARLY DISCOVERIES OF THE 1970S
Transient events pose considerable problems in a young eld such asray astronomy, in which the measurements are subject to poorly understood systematic errors. If two instruments disagree signi cantly when observing the same source, this may be due to the variability of the source in between measurements. Alternatively, the systematic errors in the two instruments may be responsible. Given the very poor spatial resolution of most -ray instruments, there is a third possibility | the two may have been looking at di erent sources.
These di culties go back to the very beginning of cosmic -ray line astrophysics, when a series of balloon-borne experiments by Rice University teams 1?4 detected a line from the Galactic center (GC) region near the expected 0.511 MeV line from e ? e + annihilation. Discrepancies between the line energies and uxes measured in the four Rice ights could be explained by di erences in the aperture exposed to a di use source, or by time variability; Haymes et al. 4 were unable to decide the question.
The fourth Rice experiment contributed a further example to the pathology of -ray line astrophysics | \phantom" detections, whereby lines detected by one experiment can never be recovered by later experiments with adequate sensitivity. In such cases it can never be clear whether a systematic errors are to blame, or whether a genuine line transient has been discovered, with a low duty cycle | which of course becomes ever lower with each successive failure to recover the line. In this case 4 , the reported lines were broad 4.4 and 6.1 MeV features towards the GC, such as are expected from cosmic-ray interactions with the ISM (speci cally, from cosmic ray 12 C and 16 O nuclei impacting on protons 5 ); these lines, whose uxes were each ' 4 10 ?3 photon cm ?2 s ?1 rad ?1 , have not been seen since by more sensitive instruments 6 .
Perhaps the most famous \phantom" from this era was the Jacobson transient 7 . This event, detected by a balloon-borne Ge spectrometer from JPL, consisted solely of four narrow lines (0.413, 1.790, 2.219 and 5.946 MeV) lasting for 20 min. These energies are signi cant; they represent the 0.511 MeV annihilation line (redshifted), redshifted and unshifted versions of the prompt line from neutron capture 1 H(n, ) 2 H, and a redshifted capture line from 56 Fe(n, ) 57 Fe. In all cases the redshift is consistent with the value z = 0:285 expected at the surface of a neutron star. If accretion onto a neutron star produced copious positrons and neutrons, their reactions with accreted hydrogen and the original 56 Fe on the star's surface, and with hydrogen much further out in an accretion disk or secondary star, can explain all the lines 8 . The appeal of this scenario has kept interest in the Jacobson transient alive, despite the long-term failure to detect another 9;65;66 .
On the edge of the eld of view (FOV) containing the Jacobson transient lay the Crab pulsar, which itself contributed reports of transient lines almost from the beginning. We shall say little of these, since they have been reviewed recently by Owens 10 . The early reports of these lines were around energies 75 and 400 keV, the latter of which was interpreted as a red-shifted 0.511 MeV line from a neutron star surface. Owens 10 even discerned a long-term increase of a few percent in the lines' energies, corresponding to an outward movement of the emitting region.
The main line of development in the unfolding history of -ray line transients was in direction of black hole candidates, not neutron stars (see next section). However the stories of the Jacobson transient and the Crab lines illustrate a tendency to improve the chances of detecting a line by allowing for "plausible" Doppler shifts, usually redshifts attribured to black hole or neutron star gravity.
II THE MAKING OF A SYNTHESIS: THE 1980S
The steady di use level of Galactic emission of a narrow line at 0.511 MeV is not the subject of this review. However, a brief account of how it was recognized must be given, since it has been extremely important in studies of line transients, as the benchmark against which time variability has been measured. Following the Rice University experiments (x1), Leventhal, McCallum & Stang 11 inaugurated a series of ights of the Bell-Sandia high-resolution Ge detector. Their results xed the energy of the line at 511 keV, at a ux level consistent with the Rice measurements given a di use source; they also provided evidence for an enhanced continuum immediately below the line due to annihilation via positronium (Ps) formation. As the 1980s proceeded, it became clear that there was a general tendency for the line ux measured by any given instrument to increase with aperture | a sure sign of an extended source. The exceptions from this trend became candidates for variability of one or more sources.
The good energy resolution of the Bell-Sandia experiment also paid o in the discovery of another transient line which had an obvious relationship to the 0.511 MeV line. This was a line at 170 keV, which was naturally explained by Compton scattering of the annihilation line through 180 , i.e. from material lying beyond the annihilation line source in the observer's line of sight 11 . An accretion disk or torus would be a natural medium of this kind.
All the measurements descibed above were made from balloons. In the late 1970s the rst satellite experiments began in this energy range, o ering the possibility of frequent monitoring of suspected sources over long periods. The most important of these was HEAO-3, whose Ge spectrometer observed the Galactic center region twice, in fall 1979 and in spring 1980. It detected a striking fall-o in 0.511 MeV line ux (3:5 signi cance) between the two observations 12 . This nding was rapidly con rmed by Leventhal and co-workers with re ights of the Bell-Sandia instrument 13;14 ; indeed, their data (taken with a smaller FOV, and thus less contaminated by the di use 0.511 MeV line) were consistent with zero ux in both ights. It looked as though a strong, point-like source had suddenly turned o at the beginning of 1980.
Another satellite experiment which played a part in the Galactic center 0.511 MeV story was SMM , launched in spring 1980. The FOV of this instrument was so large ( 130 ) that its view of the 0.511 MeV line was dominated by the entire di use Galactic glow. However its long lifetime in orbit (1980{ 1989 ) made it valuable for variability studies. During the 1980s it detected no variation on year-to-year time-scales in the Galactic 0.511 MeV line 15 . If the variable 0.511 MeV source existed, it was clearly quiescent for years at a time.
At the end of the 1980s the source appeared to turn on again. Following on from the Bell-Sandia Ge instrument was the much larger GRIS, whose rst ights in 1988 detected the 0.511 MeV line from the GC once again 16 60 . HEXAGONE also detected the 170 keV Compton back-scattered line 61 , which had been observed on a previous occasion when the 0.511 MeV ux was high 11 . The picture had begun to emerge of a source whose variations were slow, spending months or years in a high state and becoming quiescent for years at a time. Its ux in outburst was up to 2 10 ?3 photon cm ?2 s ?1 . It was the most convincing example yet found of a -ray line transient. Although there were sceptics who pointed out that the variability could be explained away by changing the corrections made for the di use 0.511 MeV line 15 , the changes seen between pairs of observations by the same instruments with the same pointings (i.e. Bell-Sandia 11;13;14 and HEAO-3 12 ) should not have su ered from this problem.
A How Other Transients Fitted into the Picture
The contributions made by HEAO-3 were not con ned to the 0.511 MeV line, nor to the GC. The black hole candidate Cyg X-1 was observed repeatedly, and great progress was made in understanding the relation between its soft and hard X-ray and -ray emissions 18;19 . Discrete emission levels | \high", \low" and\superlow" | were identi ed, with the "superlow" state having a much harder spectrum than the others. The hardening was accompanied by a striking and signi cant (> 3 ) feature of FWHM 1 MeV at an energy close to 1 MeV.
The discoverers 18 o ered two possible explanations for this feature, which has become known as the \MeV bump". Both involve an increase in the rate of accretion which creates a very hot plasma in the inner accretion disk. In the more modest proposal this plasma attains a temperature 400 keV, and soft photons from the outer disk are Comptonized by the hot electrons; the resulting spectrum is Wien-like 20 . However radiation in equilibrium with a 400 keV plasma will have a substantial \tail" of photons above the 1.022 MeV threshold for e ? e + pair creation. Recent theoretical work showed that a stable situation was possible where positrons could replace protons as the dominant contributor to the charge balance in the plasma 21 ; and that the annihilations occurring in this \pair-dominated" plasma would give rise to a line that was strongly blueshifted 22 , by kT = 400 keV to around 1 MeV. Being thermally broadened, this line at 1 MeV would attain the width of the observed MeV bump. As we shall see, this annihilation-line interpretation became favored, because it could be related to other line transients in an overall unifying scheme.
This HEAO-3 observation of the\MeV bump" prompted a reconsideration of a number of earlier \phantom" observations of fugitive MeV emissions. For example, Perotti et al. 23 had detected a broad bump around 1 MeV in the spectrum of NGC 4151 with the balloon-borne Compton telescope MISO; although a later ight of the same instrument detected only a rather weak continuum at this energy, this continuum was hard (extending up to 7 MeV 24 ). (The MISO instrument, incidentally, corroborated the HEAO-3 measurement of Cyg X-1 on a later ight 42 ). Another Compton telescope (MPI-Garching) had detected a hard continuum up to 10 MeV from Cen A in 1982 25 , although since no ux was detected around 1 MeV, this might equally well be interpreted as a broad feature centered at 5 MeV. The interest in relating these observations to those of Cyg X-1 is obvious, in view of the long-held belief that AGN are powered by accretion onto black holes.
Reanalyses of the HEAO-3 data provided successive links strengthening the chain connecting e ? e + annihilation, black holes, and galactic nuclei. Riegler et al. followed up their work on the 0.511 MeV line with an analysis of the GC spectrum as a whole 26 . They found considerable spectral variability above a few hundred keV. In particular, the HEAO-3 fall 1979 GC observation, in which the 0.511 MeV line was strong (x2.1), showed a marked excess of emission around 1 MeV, which was absent in the later spring 1980 period. A hint of this feature had been seen earlier by HEAO-1 with very poor statistics 27 . This HEAO-3 GC MeV bump was remarkably similar in shape and intensity to that seen in Cyg X-1. However Riegler et al. interpreted it in terms of a thermal shape, thus obscuring the connection with e ? e + annihilation.
Exactly complementary to this discovery, Ling & Wheaton found evidence of a narrow 0.511 MeV line in a reanalysis of the HEAO-3 Cyg X-1 data 28 . In this case the signal was weak (1:9 ), and the authors expressed caution about the result. However there were now two sources whose properties appeared to con rm each other. The agreement between the spectra became even clearer when the GC Ps continuum was subtracted o ; the case was made that it did not share the variability of the line, and must be entirely due to the di use Galactic source 29 .
B The Debut of 1E1740.7-2942
Since Cyg X-1 is a long-standing black hole candidate, it was natural to assume that the unknown point source in the GC was one also. The identication of this source became a priority in high-energy astrophysics; none of the observations mentioned previously could locate it to better than several degrees. Two lines of attack on the problem developed. In the rst, historical data on the known GC hard X-ray sources (emitting at somewhat lower energies, but in known locations) were examined, to see which of them had been most active during the time before 1980 when the annihilation-line source was strong. This led to the candidate sources GX 1+4, GX 5-1, A 1742-294 and 1E 1740.7-2942 29;30 on comparing images from the 1970s and 1980s; a strong case was made for GX 1+4 31 , but this approach was by its nature doomed to be inconclusive. The other approach was the development of -ray imaging instruments which could detect the line and image its source. Compton telescopes were not e ective at such relatively low energies, so the coded-mask technique had to be applied. The rst such attempt, the balloon-borne GRIP 32 in 1988, immediately picked out 1E 1740.7-2942 as a bright, hard source with a spectrum up to at least 200 keV which resembled that of Cyg X-1 (in X-ray high state 19 ). However GRIP failed to detect the 0.511 MeV line, which, on the basis of GRIS and other balloon measurements 33 , was then believed to be in outburst again (x2.2).
Long-term observing of the source by an imaging instrument was soon undertaken by a new satellite platform, the coded-mask SIGMA NaI detector on the Russo-French GRANAT mission. The resemblance between the 1E1740.7-2942 and Cyg X-1 spectra was quickly con rmed 34 in 9 separate 1-day observations (1990 March through October). During the tenth observation (1990 October 13{14) the source was detected in an outburst lasting at least 17 hours 35 . The continuous spectrum of this outburst was much like the standard Cyg X-1{like continuum seen earlier, but superimposed upon it was a strong, broad line centered near 400 keV, having FWHM' 200 keV and ux 10 ?2 photon cm ?2 s ?1 . The outburst could not have lasted much longer than 17 hr, since it was followed a few hours later by another GC observation, in which 1E 1740.7-2942 had the standard spectrum.
This seemed to con rm 1E 1740.7-2942 as the required point source of transient annihilation radiation | if the 400 keV feature was interpreted as a strongly broadened and redshifted annihilation line, which became the favored point of view (SIGMA did not see any signi cant narrow line at 511 keV). The similarity to Cyg X-1 suggested that 1E 1740.7-2942 should be a black hole candidate, though a signi cant di erence from Cyg X-1 was soon discovered by ground-based mm observations: 1E 1740.7-2942 is surrounded by a dense molecular cloud 36 . Whereas Cyg X-1 accretes from an orbiting companion star, 1E 1740.7-2942 may accrete directly from the cloud. It was also revealed to be a nonthermal radio source 37 , and perhaps its most black hole-like feature is a pair of jets, like those seen in many AGNs which are supermassive black hole candidates, detected by radio interferometry 38 .
Both 1E 1740.7-2942 and Cyg X-1 continued to produce transient emissions, which tended to con rm their status as known, variable line sources.
Broad lines very similar to the 1990 October 13{14 line from 1E 1740.7-2942 were seen by SIGMA on two subsequent occasions, in 1991 October 39;40 and on 1992 September 19{20 40;41 . Both lines were only 40% of the strength of the 1990 event, but the 1991 transient lasted for almost 3 weeks (October 1{19). Earlier (1984), a balloon-borne coded-mask experiment (DGT) had detected substantial MeV emission from Cyg X-1, in a form even harder than the MeV bump. The DGT spectrum peaked at about 5 MeV 43 ; it was interpreted as pair-plasma annihilation feature, similar to the MeV bump, but at a very much higher temperature kT 3:5 MeV. Weak evidence for similar bumps, corresponding to a variety of temperatures, was disinterred from earlier balloon observations 44 .
Finally, in addition to the \established" sources 1E 1740.7-2942 and Cyg X-1, three other sources of broad line emission below 0.511 MeV were proposed. One was X-ray Nova Mus 1991, in which SIGMA detected a line at 480 keV during a period of 13 hours about 12 days after discovery 45;46 . The line was much narrower than the previous ones (FWHM 55 keV), and might have lasted up to 12 days beyond the observed time. Like 1E 1740.7-2942 and Cyg X-1, Nova Mus is a black hole candidate, according to observations of its companion. The second possible new source was discovered in a reanalysis of HEAO-1 data from the 1970s by Briggs and co-workers 47 . This line appeared in only one of three 6-month GC observations; its properties were very similar to those which SIGMA mesured from 1E 1740.7-2942, i.e. it was redshifted and very broad. The source is highly uncertain, due to HEAO-1's poor spatial resolution; the discoverers favored a low-mass X-ray binary, 1H 1822-371. If true, this would not t the emerging pattern whereby annihilation-related line transients came only from black hole candidates. The third possible source was detected by the balloon-borne coded-mask scintillator detector EXITE in 1989, which detected a line around 100 keV from a previously unknown source, EXS 1737.9-2952 54 ; this was interpreted as a doubly back-scattered 0.511 MeV annihilation line at 102 keV. The nature of EXS 1737.9-2952 is not known.
C A Synthesis of Diverse Line Transients
The observations which I have emphasized in the previous sections can be made to fall into a very elegant pattern, which I refer to as \the synthesis". As well as elegance, the synthesis involved distinctly novel physics, since the key concept was that of the pair-dominated plasma, which may be called a new, hitherto unobserved state of matter.
The concept of a pair-dominated plasma developed gradually during the 1970s and early 1980s (see eg. refs. 21, 48{50). Ramaty & M esz aros 22 identi ed its observational signature (a broad blueshifted annihilation line corresponding to the observed MeV bump), and Liang & Dermer 51?53 set up a detailed model for individual sources, rst Cyg X-1 and then the GC. In this model, a central black hole is surrounded by an accretion disk, which contributes an underlying hard continuum from Comptonization of soft disk photons by a warm plasma ( 50 keV). This is the object's spectrum when it is not in outburst. The outburst occurs when there arises, in the innermost region around the black hole, a plasma sphere at a temperature of a few hundred keV. Under these conditions an equilibrium developes between e ? e + pair production and annihilation into 0.511 MeV photons; there are two possible equilibria, one a \conventional" plasma in which the e + density remains small and the charge balance is dominated by protons, and the other in which the e + dominate. This novel pair-dominated plasma corresponds to a state of high compactness and optical depth. The photons and pairs are in thermal equilibrium (unlike, say, the non-thermal \pair cascade" models which have been invoked to explain AGN spectra 55 ); the basic physical processes shaping the output spectrum are self-bremsstrahlung and pair annihilation providing the source spectrum, which is modi ed by self-Comptonization. The computed output spectrum, when added to the underlying disk spectrum, agrees with the transient spectra measured by HEAO-3.
A number of minor aws were soon noted in this model; for example, there must be a rigorous separation between the accretion disk photons and the plasma, otherwise the hard X-ray spectrum is completely distorted (Liang 56 introduced a \transition region" with its own properties and spectrum to e ect this). Also, the solution with two equilibria (e + -rich and proton-rich) is strictly valid only if there is no escape of e ? e + from the plasma. This con icted with one of the most appealing features of the model, its potential role as a source of Galactic positrons.
The observable variability of the narrow GC 0.511 MeV line (x2.1) suggested that the e + involved do not come from radioactive decays, which typically vary on unobservably long time-scales. The characteristic variable ux of 10 ?3 photon cm ?2 s ?1 requires an annihilation rate of 1:3 10 43 s ?1 . The pair plasma model provided a natural source for these positrons, which could vary on almost any required time-scale. However, allowance would have to be made for the slowing down of the relativistic e + coming out of such a source, since the line width precluded annihilation in a warm medium 57 . This requirement in turn constrained the density of the ambient medium to a rather high value > 10 5 atoms cm ?3 , in order to perform the slowing down quickly enough.
The identi cation of 1E 1740.7-2942 as a black hole candidate, emitting e ? e + jets like a radio galaxy, and surrounded by a high-density molecular cloud (x2.3), made this element of the synthesis seem very plausible. The subsequent discovery by SIGMA of the broad, redshifted (400 keV) transient brought the synthesis to its highest point. In its fullest form it appears in ref. 58 . This model speci ed that the pair plasma occurs for time-scales 1 day, recurring on a time-scale months. Some of the e + produced in the pair plasma escape and encounter the inner edge of the accretion disk, where annihilation takes place. The annihilation line produced at this location is gravitationally redshifted to 400 keV, and thermally broadened by the disk temperature. The time-scale for this is 1 day, so its variability is governed by the e + production time-scale. Other escaping positrons leave the system entirely and di use into the molecular cloud surrounding 1E 1740.7-2942, slowing down continually until they annihilate with the cold ambient material; the line produced is narrow, and at 0.511 MeV. The time-scale for the slowing down and annihilation is 1 year. Hence the variability of the narrow 0.511 MeV line would be expected to be much slower than those of the other annihilation lines. The uxes in the 400 keV, 511 keV and 1 MeV lines are consistent with each other 59 . This model had great predictive power; given an observation of either the MeV bump or the broad redshifted line, the temporal behavior of the narrow line could be predicted for more than a year ahead, and so could its ux. It could also be extended to other black hole sources with di erent masses 53 .
The Compton back-scattered annihilation line, coming from re ection from the inner accretion disk, must occur on the shorter ( 1 d) time-scale. The observations require redshifting of both the annihilation region and the scattering region 62 , which is plausible given the existence of a line at 400 keV. It is less clear why the 400 keV line and the back-scattered line are not seen simultaneously, although the original Bell-Sandia spectrum did show an apparent red wing below the 0.511 MeV line 11;62 .
Thus in summary the synthesis explained the following transients: (a) The MeV bump in Cyg X-1 and the GC, which was emitted directly by the pair-dominated plasma around a black hole. (b) The broad 400 keV feature, which was due to annihilation of e + escaping from the pair plasma and encountering the inner edge of the accretion disk. 
III RETREAT FROM THE SYNTHESIS: THE 1990S A The GRO era
The launch of the Compton Gamma Ray Observatory in 1991 April introduced a new capability which had especial importance for the study of transients | the ability to perform long-term monitoring. Except for SMM , previous satellites had had short lifetimes. The new mission was designed for a much longer lifetime; one of its four instruments (BATSE) was intended specifically as a sky monitor, and another (OSSE) could be independently targeted, making frequent observations possible for any given source. In practice, given the energies of most of the transient lines, OSSE was of more use for \known" line sources, while BATSE was better suited to monitoring continuum emissions at unknown locations. The whole spacecraft could be maneuvered to point to any variable source which was declared a \target of opportunity".
Of the monitoring work done by SMM during 1980{1989, we have already noticed Share et al.'s demonstration of the constancy of the narrow 0.511 MeV line 15 . The other line transient searches carried out by SMM had similar negative results. The MeV bump was searched for from several sources from which MeV emission had been reported 63 , and the broad 400 keV line was searched for from the GC 64 . Due to the relatively long periods over which SMM viewed a given source uninterruptedly, the negative results could be expressed as an upper limit on the duty cycle with which the expected transient occurred. These upper limits were no more than a few percent in almost all cases | only the longer ( 3-week) broad 400 keV transient at the level seen by SIGMA from 1E 1740.7-2942 might have occurred more often during 1980{1989.
One of GRO's main tasks was the resolution of this somewhat unsatisfactory situation. The GC, 1E 1740.7-2942 and Cyg X-1 have been regular OSSE targets throughout the mission, while background-subtraction techniques have been developed for BATSE which enable the kind of monitoring which was done with SMM . The results of these monitoring exercises, periodically updated, have been uniformly negative.
B The Narrow 0.511 MeV Line from the GC The OSSE aperture at energy 0.5 MeV is a rhombus of dimensions 3:8 11 . This is well-suited for the mapping of the Galactic di use emission line, since it is intermediate between the wide-FOV instruments such as HEAO-3 (which detect the line in full strength, but cannot resolve it spatially) and the highresolution imaging capability of SIGMA (which can detect point sources but not the di use emission). In terms of the trade-o between spatial resolution and signal strength, the aperture is broad enough for the di use emission at the GC to be detected during a single 2-week viewing period (VP), but not so broad that the di use signal swamps any variable point-source signal which may be superimposed. The instrument is therefore also well-suited for the detection of variable line emission on week time-scales.
Between mid-1991 and late 1995 OSSE observed the GC during 28 VPs in 122 separate pointings. The average interval between observations was 50 d, and no interval was longer than 10 months. With this level of coverage, the activity of variable point sources of the 0.511 MeV line was for the rst time adequately monitored at ner time-scales than the year-to-year monitoring by SMM 15 . Purcell and co-workers have used these data to search for point sources and for variability, measured against the background of a much larger set of observations of the GC as a whole 67;68 . From the larger set they derived a model of the di use emission, which was subtracted from their measurements in FOVs at the GC. No evidence was found for a point source above the di use emission, although one cannot be ruled out, given OSSE's moderate spatial resolution. Neither was any evidence found for variability above or below the di use ux, and this result was more constraining. Of the 28 GC observations, 25 had good or moderate exposure to 1E 1740.7-2942 69 ; the typical 3 upper limit on the variable ux from this source was 2:6 10 ?4 photon cm ?2 s ?1 . This is smaller than the uxes measured during the outbursts in the 1970s and late 1980s by a factor 4{8 (x2.1). According to the synthesis, this narrow 0.511 MeV line ought to vary on time-scales 1 yr (x2.3); the OSSE observations showed no variation on any time scale up to 4 yr (1991{1995). Nor did they show higher uxes at the beginning of the period, which might be expected if annihilation in the molecular cloud had begun following an outburst in 1988{ 1989 (x2.1), and had then decayed from a ux level 10 ?3 photon cm ?2 s ?1 according to the scheme of ref. 58 .
Monitoring of the GC by OSSE continues. It has been joined by another instrument, the occulted Ge detector TGRS on the WIND spacecraft, observing the GC continually since 1994 November. The e ective FOV of this instrument is 10 50 , so that its signal is dominated by the di use emission. However, this has shown no variability from month to month, down to a 3 upper limit of 10 ?3 photon cm ?2 s ?1 (ref. 70) .
Even before the results of OSSE's monitoring were published, the actual status of this key element of the synthesis had come into question. The original HEAO-3 GC data in which the 0.511 MeV line varied (x2) were reanalyzed, and it was found that the discrepancy between the 1979 fall and 1980 spring line intensities was much smaller than previously thought 78 C The Broad 400 keV Line from 1E 1740.7-2942: A Confrontation
As noted above (x2.2), the SIGMA instrument has been observing the GC at intervals since 1990. The observations have not been optimized for monitoring, especially since exhaustion of the gas supply in 1995 restricted maneuverability. However, the monitoring capabilities of OSSE (with which SIGMA tried wherever possible to coordinate) and BATSE have enabled an independent evaluation of one of the transients described in x2. 2 73 . They conclude that these events cannot occur at both the ux level and the duty cycle seen by SIGMA, the mutual probability being 7 10 ?10 . Attempts to con rm or refute the 1991 October event have been inconclusive 74 .
These two independent refutations of the SIGMA report are probably the most serious attacks on the observational foundations of the synthesis (x2. Cygnus X-1 has also been well-observed by OSSE, since it has frequently been a target of opportunity. Phlips et al. 77 were able to use 122 d of data from 17 VPs during 1991{1995 to monitor its spectrum, in which they searched speci cally for broad and narrow lines around 0.511 MeV, for the MeV bump, and for the kind of very high energy line seen by DGT (x2.2), on a day-to-day time-scale.
Even on a 1 d time-scale, all the OSSE measurements of the MeV bump fell far below the level of the line seen by HEAO-3, the typical 3 upper limits 3 10 ?3 photon cm ?2 s ?1 being a factor of 5 smaller. The correlation which HEAO-3 found between the X-ray \superlow" state and the MeV bump was not con rmed either. The 3 upper limits on a narrow 0.511 MeV line from day to day were typically 1 10 ?3 photon cm ?2 s ?1 .
F Conclusions
Line by line and source by source, careful monitoring by the GRO instruments has failed to reveal evidence for any of the features which were predicted by the synthesis to be time-variable. Some of the strongest apparent observational supports of the synthesis have been controverted by simultaneous measurements with equal or greater sensitivity (x3.3). The synthesis has been seriously weakened, even if it is not yet dead.
While the synthesis was a remarkable intellectual achievement, its weakness lay in the experimental measurements, not in the theory | inconsistent measurements were interpreted as evidence of variability rather than as systematic errors. This is one aspect of a larger problem in -ray line astronomy | in searching for a speci c line, \degrees of freedom" are multiplied until any feature can be so interpreted. Compared to the reference line, the observed line may be red-or blueshifted, narrower or broader; the time-scale during which it appears, and the interval between recurrences, are also free. In the case of the GC 0.511 MeV line, the relative contribution of the non-varying di use line was in the past another degree of freedom.
Monitoring of the sources over the long term is the only real cure for this problem; monitoring by CGRO appears to have cast doubt on almost all the line transients on which the synthesis was based (x3). The best remaining candidate for a genuine -ray line transient is now the broad 0.480 MeV line seen in Nova Mus 1991 by SIGMA (x2.2). The reason for this is simply that X-ray novae are rather rare, and so have not been subject to the kind of monitoring that the GC and Cyg X-1 have. Since Nova Mus, about half a dozen black hole X-ray novae have occurred 79 , of which four were monitored by BATSE with negative results 73 .
In summary, it appears that, with the obvious exceptions of solar ares and lines from supernova nucleosynthesis, there are no well-established sources of transient -ray line emission in astrophysics.
G Epilog: The Crab in the Nineties
In the case of lines from the Crab Nebula, there is an additional degree of freedom in -ray line searches | the line may occur only at certain pulse phases. This was the case with a line at 440 keV seen by the balloon experiment FIGARO II on two separate ights 80;81 during the interpulse and second peak phases. Unfortunately the Crab has not been a frequent OSSE target during the GRO mission; OSSE's pulsar mode is well suited to phase-resolved spectroscopy. Ulmer et al. 88 searched for several reported lines during two VP in 1991 and 1992, with negative results. These upper limits were inconsistent with most previous reports, but not with the FIGARO II measurement.
Attempts at monitoring the Crab over longer periods have been made by SMM 82 and BATSE 73 , but these lacked the temporal resolution necessary to resolve the pulse phase. However, BATSE's monitoring capability became important in a di erent context when SIGMA reported a transient -ray line at 536 keV about one year after GRO launch 83 . Coverage of the Crab by BATSE on this date (1992 March 10-11) 72 placed a 3 upper limit of 1:7 10 ?3 photon cm ?2 s ?1 on the line ux at 536 keV, compared to the SIGMA measurement of 5:1 1:7 10 ?3 photon cm ?2 s ?1 . Thus, the reported lines from the Crab appear to be just as elusive as the various lines from the GC and Cyg X-1 which went into the synthesis.
H Epilog: Possible Annihilation-Line Transients from EGRET Nuclear -ray lines do not occur at energies above a few MeV, but other classes might be found at higher energies within the EGRET range. It is not clear that any of them would be time-variable. Lines from the annihilation of hypothetical dark-matter particles (e.g. neutralinos 84 ) are outside the scope of this review, and are not likely to be variable. There is a well-known broad line in the Galactic di use emission at a few hundred MeV 85 , arising from the decay of 0 produced in cosmic-ray proton collisions, but this is not likely to vary either, unless particle acceleration in stellar winds contributes a pointlike component to the di use emission 86 . It is possible in principle that bulk collisions of matter and antimatter could produce a time-variable pp annihilation line around 70 MeV due to 0 decay. There are, however, no known natural sources of antiprotons in bulk 87 , and so far as is known no searches have been made for this type of transient.
